Background: Hair loss, known as alopecia, causes psychological stress and influences social interactions. At present, treatment for hair loss is somewhat limited, transient, and unpredictable. Based on the critical role of sonic hedgehog (Shh) in hair follicle development, Shh itself would be a good therapeutic candidate for the prevention of hair loss as well as promotion of hair growth. Methods: To investigate its potential use for hair treatment, we overexpressed Shh protein in E.coli by making silent mutations in 12 amino acids from N-terminus of Shh and purified it with Ni-affinity chromatography. Results: Purified Shh proteins were able to activate Gli-responsive luciferase reporter gene in a dose-dependent manner and induce the alkaline phosphatase (AP) activity in the presence of bone morphogenic protein 4 (BMP-4). In addition, we confirmed that the treatment of recombinant Shh proteins to human dermal papilla (hDP) cells significantly increased the expressions of Shh-responsive genes as well as hair growth-related genes. Finally, we found that the administration of Shh proteins into the dorsal skin of the mouse could promote the hair density and length. Conclusion: Exogenous Shh proteins induced hair-related gene expression by stimulating both Shh signaling pathway and Wnt/β-catenin pathway in DP cells, and might therefore be a potential hair promoting agent.
Background
Hair loss is a psychologically devastating disease in humans, leading to take impact on social interactions. Hair loss may be due to genetic reasons and/or external factors such as environmental pollution and work stress. To date, there are only two anti-hair loss drugs, finasteride and minoxidil, which have been used in clinical, but the effect of these drugs is limited, transient, and somewhat unpredictable (Meidan & Touitou, 2001; Dallob et al., 1994) . Therefore, it is necessary to develop novel pharmacological treatments.
Hair follicles are complex mini-organs and have hair growth cycle through periods of anagen (growth phase), catagen (regression phase), and telogen (quiescent phase) during postnatal life (Stenn & Paus, 2001) . Dysregulation of the hair growth cycle has been associated with hair loss. During hair development, the Shh signaling has a critical role in hair follicle morphogenesis and growth by regulating mesenchymal and epithelial cells of the hair follicle. Its signaling contributes to hair growth by promoting the transition from telogen to anagen during hair follicle cycle (Chiang et al., 1999; Woo et al., 2012) . In supporting of this, antibodies against Shh have been shown to prevent hair growth in adult mice . In addition, a study of loss-of-function in Shh demonstrated the impairment of hair follicle development and of hair growth in Shh deficient skin grafted onto nude mice (Chiang et al., 1999; St-Jacques et al., 1998) . Gain-of-function studies in mouse model showed that forced expression of Shh promoted the transition from telogen to anagen in the hair follicle cycle and concomitantly accelerated the onset of hair growth (Sato et al., 1999) . Moreover, topical treatment of agonist activating hedgehog signaling into adult mouse skin showed induction of anagen and hair growth by upregulating Gli, Ptc1, and Shh genes (Paladini et al., 2005) .
Based on the important roles of Shh in the hair follicle development and hair growth, we hypothesized that direct application of Shh proteins in postnatal skin would promote the hair growth. To make it, we successfully overexpressed Shh protein in Escherichia coli by making silent mutations in 12 amino acids from N-terminus of Shh and purified it with Ni-affinity chromatography. Purified Shh proteins were able to activate Gli-responsive luciferase reporter gene in a dose-dependent manner. In addition, Shh proteins could induce the AP activity in the presence of BMP-4. Furthermore, we confirmed that treatment of recombinant Shh proteins to hDP cells significantly increased the expression of Shh-responsive genes. Finally, we found that the administration of Shh proteins into the dorsal skin of the mouse could promote the hair density and length. Together, the application of exogenous Shh proteins may be a potential therapeutic medication for alopecia by promoting hair growth.
Methods

Plasmid constructions
cDNA encoding an N-terminal fragment of Shh (24-197 amino acid residues in the human Shh gene sequence) was amplified by RT-PCR from human cDNA library using forward 5′-GGA TTC CAT ATG ATC ATC GGA CCG GGC AGG GG-3′ and reverse 5′-AAA AAA CTC GAG TTA GCC TCC CGA TTT GGC CGC CAC CG-3′ oligonucleotides. Plasmid pET15b Shh was obtained by Shh PCR amplification followed by digesting with restriction enzyme Nde I and Xho I and cloning into plasmid pET15b (Novagen) resulting in the expression of N-terminal fragment of Shh protein. Based on the wobble hypothesis, the 12 amino acids in the 5′ end region of Shh were changed by PCR using forward 5′-GGA TCC CAT ATG ATH ATH GGN CCN GGN AGR GGN TTY GGN AAR AGR AGR CAC CCC AAA AAG CTG ACC CCT TTA GC-3′ and reverse 5′-AAA AAA CTC GAG TTA GCC TCC CGA TTT GGC CGC CAC CG-3′ oligonucleotides. The PCR products were digested with Nde I and Xho I and subsequently subcloned into pET15b. The integrity of all sequences was verified by DNA sequence analyses.
The plasmid containing eight tandem copies of the Gli-binding element (5′-GACCACCCA-3′) upstream of the minimal promoter was generated as follows. Sense (5′-CTA GC G ACC ACC CAG ACC ACC CAG ACC ACC CAG ACC ACC CAG ACC ACC CAG ACC ACC CA G ACC ACC CAG ACC ACC CAG-3′) and antisense (3′-GCT GGT GGG TCT GGT GGG T CT GGT GGG TCT GGT GGG TCT GGT GGG TCT GGT GGG TCT GGT GGG T CT GGT GGG TCG ATC-5′) oligonucleotides were annealed first to generate double-stranded DNA. The annealed DNA retained a 5′ overhang sequence (CTAG) at both ends and was inserted into the XbaI site upstream of minimal promoter of TATA-luciferase, resulting in the plasmid p8xGBE-Luc.
Preparation of recombinant human Shh expressed in Escherichia coli
Shh proteins were prepared from Escherichia coli BL21(DE3)pLysS transformed with pET15b Shh plasmid DNA. The expression of Shh-N was induced with isopropyl-β-d thiogalactoside (IPTG) at 20°C. Harvested cells were suspended in lysis buffer (50 mM sodium phosphate, 300 mM sodium chloride) and disrupted by sonication. After centrifugation, the soluble fraction was applied to a nickel column pre-equilibrated with 50 mM sodium phosphate (pH 7.4), and protein bound to nickel resin was eluted with imidazole in 50 mM sodium phosphate (pH 7.4). Fractions containing Shh proteins were dialyzed overnight against phosphate-buffered saline (pH 7.4). Then, his-tag was removed by the addition of a total of 1 unit of human thrombin (Sigma) for 15 min at room temperature. Protein content and purity of the eluent were analyzed by BCA protein assay kit (Thermo scientific) and SDS-PAGE analysis, respectively.
Luciferase reporter assay
NIH 3 T3 cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% bovine calf serum (Welgene, Korea). The cells were incubated at 37°C in a 5% (v/v) CO 2 humidified atmosphere. One day before transfection, cells were plated in individual wells of 24-well plates at a density of 2 × 10 5 cells/well. Cells were transfected with 0.375 μg of a plasmid p8xGBE-luc containing eight copies of Gli-binding elements and 0.125 μg of a plasmid expressing β-galactosidase (pRSV βgal) using Lipofectamine LTX Plus Reagent (Invitrogen, USA). Twenty-four hours after transfection, cell lysates were prepared, and luciferase activities were analyzed using Glomax navigator (Promega, USA). To correct for differences in transfection efficiencies, luciferase activity was normalized to β-galactosidase activity.
Measurement of alkaline phosphatase activity
Mouse myoblast cell line C 2 C 12 was maintained (5% CO 2 at 37°C) in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum. C 2 C 12 cells were plated in 24-well plates at 5 × 10 4 cells per well, grown for 24 h, and treated with BMP-4, Shh, or BMP-4/Shh in serum-free media for 72 h. Alkaline phosphatase (AP) activity was determined in cell lysates using an AP lysis kit (Abcam). AP activity was normalized for total cell lysate's protein concentration.
RNA isolation and quantitative real-time PCR (qPCR)
hDP cells were cultured in DMEM supplemented with 10% fetal bovine serum (Welgene, Korea). The cells were incubated at 37°C in a 5% (v/v) CO 2 humidified atmosphere. Eighty percent confluent of hDP cells were starved under 0.5% charcoal-activated serum condition and treated with recombinant Shh protein for 18 h. Total RNA was isolated from cells using TRIzol reagent (Invitrogen, USA) and cDNA was synthesized using M-MLV cDNA synthesis kit (Enzynomics, Korea) according to the manufacturer's instructions. The synthesized cDNA was amplified by polymerase chain reaction using Mic Real-Time PCR (Bio Molecular Systems). Quantitative real-time PCR was performed using SYBR green mix specific for each gene. The expression of the target mRNA was normalized as a ratio using the expression of the β-actin. The primer pairs for RT-PCR were as follows:
Animal studies
All animals were treated in accordance with protocols approved by the Institutional Animal Care and Use Committee (IACUC) at CHA University. C57BL/6 mice were obtained from Orient Bio Inc. (South Korea). Sixweek-old mice in telogen were shaved on the dorsal surface using animal clippers and hair removal agents, and then the depilated area was rinsed with sterile water. Five micrograms of Shh proteins was administered to the shaved dorsal surface of the mice by intradermal injections once a day for 14 days. In order to estimate the density and length of hair growth, the mice were anesthetized using a mixture of isoflurane (Hana Pharm, Korea) and regularly photographed with a digital camera. The hair growth was evaluated by image analysis as follows: percentage of area equals black hairy area/hair removal area.
Results
The Shh gene coding 24-197 amino acids was directly amplified from human cDNA library by PCR. The amplified DNA was cloned downstream T7 promoter in pET15b plasmid, which was subsequently transformed into E. coli strain BL21(DE3)pLys.S. The transformants were cultivated in LB medium containing ampicillin, and the expressed proteins were analyzed by SDS-PAGE. Shh protein with 25 KDa as an expected molecular weight was expressed but not easily detectable in wholecell lysates. In order to enhance the Shh expression in E. coli, we constructed an expression vector in which the 20 amino acids in the 5′ end region of the Shh were randomly modified based on the wobble hypothesis (Crick, 1966) . Surprisingly, among 60 colonies tested for the expression of Shh, four colonies designating as Shh(#6), Shh(#10), Shh(#16), and Shh(#22) showed the expression of Shh protein remarkably (Fig. 1a ). The DNAs of these colonies were subsequently prepared and fully sequenced (Fig. 1b) . For further purification of Shh protein, clone Shh(#6) was selected and subjected to large-scale preparation. After cell lysis by sonication, most of Shh proteins were observed in soluble fractions. The supernatant was subjected to a Ni 2+ -chelating column chromatography and then was eluted with increasing imidazole concentrations ( Fig. 2a ). Because the eluted proteins contain 6xHis followed by a thrombin cleavage site in the N-terminus, they were incubated with thrombin ( Fig. 2b) . After cleavage with thrombin, the mixture was reapplied to the Ni-NTA column in order to remove the 6xHis tag. The overall yield was 2.0 mg of intact Shh over 95% purity from 1 L cultures.
To determine whether the purified Shh proteins can activate the hedgehog canonical pathway, we observed their capability to activate Gli-mediated transcription in NIH3T3 fibroblasts. To make it, we generated the reporter construct p8XGBE-Luc in which eight tandem copies of Gli-binding element (GACCACCCA) are immediately proximal to the TATA box and is linked a luciferase gene (Fig. 3a) . For normalization of transfection efficiency, an RSV promoterdriven β-galactosidase reporter plasmid (pRSV-βGAL) was used. When NIH3T3 cells were transiently co-transfected with p8XGBE-Luc and pRSV-βGAL, followed by the treatment of Shh protein for 24 h, the Shh protein activated luciferase reporter activity up to approximately 10-fold in a dose-dependent manner (Fig. 3b) . These data verify the robust activity of purified Shh protein on Gli-mediated transcription.
C 2 C 12 is a mouse myoblast cell line that differentiates into the osteoblasts in the presence of BMP-4. To investigate whether Shh may have an effect on the osteoblast commitment, C 2 C 12 cells were cultured in the presence of Shh, BMP-4, or both. As shown in Fig. 3c , BMP-4 alone induced AP activity of C 2 C 12 cells compared with control unstimulated cells. The combination of Shh and BMP-4 further increased the AP activity, suggesting the Shh's role in the osteoblastic commitment in murine C 2 C 12 cells. Together, our results indicate the evidence of functional Shh proteins by showing both the increase of the Gli-mediated transcription and the expression of the osteoblast marker AP in respond to BMP-4. Shh signaling has an important role in the development and morphogenesis of the hair follicle (Oro & Higgins, 2003) . It also contributes to dermal papillae (DP) formation and hair growth by controlling the expression of a subset of DP-specific genes (Woo et al., 2012) . To investigate whether the treatment of Shh proteins affects the Shh-responsive genes in hDP cells, we tested the expression for components and target genes of the hedgehog (Hh) signaling pathway, including the transmembrane receptors patched-1 (Ptch1), cyclin D (CycD), cyclin E (CycE), and the downstream transcription factors Gli1, Gli2, and Gli3. Quantitative PCR data indicated that expression of the Hh pathway component and target genes were significantly elevated through the treatment of Shh in a dose-dependent manner (Fig. 4) . Based on the critical role of Wnt/β-catenin signaling pathway and versican expression in the development of hair follicle growth, we investigated whether β-catenin and versican expression could be induced by the treatment of Shh to hDP cells. As expected, exogenous Shh increased both β-catenin and versican mRNA level (Fig. 5 ), suggesting that Shh-N protein may be useful for new hair follicle formation or growth by increasing the versican expression and activating Wnt/β-catenin signaling pathway.
Next, we examined the enhancement of hair density and length by an administration of Shh proteins based on the hypothesis that hair follicle morphogenesis and hair growth are affected by Shh signaling. To test whether Shh may directly promote hair growth in vivo, dorsal skin of 6week-old C57BL/6 mice were injected with Shh proteins and compared with control mice that received PBS injections. The density and length of hair on the mouse dorsal skin were evaluated at the site of injection. After 7 days of Shh injection, the hair density and the hair length were increased by 1.2-fold (87.0 ± 11.5 vs. 72.2 ± 12.6 %) and by 1.7-fold (6.6 ± 0.5 vs. 3.9 ± 0.7 mm; p < 0.05) compared with the control group (NT), respectively (Fig. 6a, b ). Although there was no significant difference in the density of hair at 14 days compared to 7 days, the hair growth showed a 1.6-fold increase (9.0 ± 0.8 vs. 5.7 ± 0.5 mm; p < 0.05) by injection of Shh proteins at 14 days. Together, these results demonstrate the potential role of Shh in the promotion of hair growth.
Discussion
A number of signaling molecules including the Shh signaling pathway and Wnt/β-catenin pathway has an important role in the initiation and maintenance of the anagen phase of hair cycle. In hair follicle development, Wnt/β-catenin pathway is involved to the first dermal signal for hair formation and Shh signaling pathway acts later in hair follicle morphogenesis. In addition, Shh signaling contributes to hair growth and dermal papillae formation by regulating the hair follicle formation. shows that Shh increases Gli-mediated reporter activity. NIH3T3 cells transfected with p8XGBE-luc and pRSV-βGAL were stimulated during 18 h with 0.5, 1.0, 5.0, 10, and 100 μg/ml of purified Shh. Bars represent the mean SEM of the firefly to β-galactosidase activity ratio of three independent experiments and are expressed as the fold with respect to no treatment. b C 2 C 12 cells were cultured in the presence of BMP-4 (50 ng/ml), Shh-N (500 ng/ml), or both for 72 h. CTRL cells were not treated with any proteins. AP activity was measured in cell lysates and normalized to total protein concentration. *p < 0.05 and **p < 0.005 vs. untreated. Error bars represent standard deviations Given the functional role in hair follicle morphogenesis and hair growth, Shh would be a potential candidate for the promotion of hair growth or prevention of hair loss. In support of this, the loss-of-function animal model demonstrated that a fetal skin from mouse Shh homozygous mutants (Shh−/−) failed to form mature hair follicles and hair shafts (Chiang et al., 1999; St-Jacques et al., 1998) . In addition, gain-of-function studies in a mouse model showed that overexpression of Shh accelerated the transition from telogen to anagen in the hair cycle, leading to promote hair growth, suggesting the potential therapeutic role of Shh for promotion of hair growth or prevention of hair loss.
To prepare active recombinant Shh proteins, we initially expressed the Shh gene, which accounts for all known signaling activity (Lee et al., 1994) . However, the expression of the Shh protein in E. coli was too poor to be feasible (Fig. 1) . Sequences downstream of Shine-Dalgarno (SD) have been known to affect the expression level of heterologous proteins in E. coli. For example, Klompus et al. reported that nucleotide substitutions in the 5′ of the cDNA encoding N-terminal amino acids 2-11 of human interleukin 11 enhanced the protein production in E. coli (Klompus et al., 2008) . It has been reported that the change of GC nucleotide content and codon usage in the N-terminus domain of human growth hormone greatly enhanced the heterologous gene expression in E. coli (Ghavim et al., 2017) . Mutagenesis of the signal peptide sequence of target protein also improved the secretion of heterologous protein in bacteria (Caspers et al., 2010) . Based on these previous reports, we modified the nucleotide sequences corresponding to the initial 20 amino acids of Shh protein without changing the amino acid sequence using degenerate PCR. By mutagenesis, we successfully found several clones capable of strong expression. The results show that the variation of nucleotide sequences without amino acid change may be optimized to improve for efficient production of heterologous proteins in E. coli, and would be directly useful to improve the expression of any heterologous protein.
The Hh signaling pathway is negatively regulated by the patched receptor which represses the downstream pathway and the smoothened receptor. Shh binding to patched relieves patched repression of Smo, leading to Gli activation (Taipale et al., 2000) . The mouse myoblast C 2 C 12 cells can differentiate into bone cell lineage in the presence of BMP via Shh signaling pathway . Based on the functional and biological role of Shh, we measured the bioactivity of Shh proteins prepared in this study using both a Gli-mediated transcriptional activation assay (Sasaki et al., 1997 ) and a BMP-mediated AP assay (Nakamura et al., 1997) . The Gli-luciferase assay showed that recombinant Shh protein showed its ability to efficiently activate a canonical reporter (Fig. 3a) . In addition, we found that Shh protein in the presence of BMP-4 significantly increased the AP activity, indicating that Shh proteins prepared in this study are functionally active.
To date, a number of growth factors have been involved in hair follicle development and hair cycle maintenance (Danilenko et al., 1996) . DP-specific signals such as FGF7 and TGFβ are required to initiate the anagen phase (Greco et al., 2009; Oshimori & Fuchs, 2012) while Wnt3 and BMP6 are necessary for the DP hair inductive function (Rendl et al., 2008; Kishimoto et al., 2000) . DP-specific Wnt/β-catenin has a role in inducing new hair and maintaining hair growth in the anagen phase (Enshell-Seijffers et al., 2010a; Enshell-Seijffers et al., 2010b) . Both noggin and Shh signaling play a critical role in the hair follicle morphogenesis and development via a reciprocal Noggin-Shh signaling loop (Woo et al., 2012) . Our data showed that the administration of Shh proteins to hDP cells could induce the expressions of a subset of genes such as Shh signaling components (Ptch and Gli) and hair follicle growth (β-catenin and versican) of which expressions are upregulated in anagen phase and downregulated in telogen phase (Sato et al., 1999; Paladini et al., 2005; Oro & Higgins, 2003; Botchkarev et al., 2001 ), suggesting the functional role of Shh proteins in hair growth.
Next, we investigated the hair growth-promoting activity of Shh-N protein using C57BL/6 mice in the stable telogen phase. The shaved dorsal skins of C57BL/6 were directly injected with 5 μg of Shh protein for 14 days. At 7 days, Shh protein significantly induced hair growth in telogenic C57BL/6 mice compared with the control group (Fig. 6a) . To further investigate the hair growthpromoting effect, we randomly picked 10 hairs from the center area of each mouse and measured the hair length. Fig. 6 Administration of Shh-N proteins increased not only the hair density but also the hair length in vivo. After depilation, the skin on the back was injected daily with the vehicle (PBS, black bar) or 5 μg/ml of Shh-N (gray bar). Photographed and measurement of the length of the hair in each animal were taken on days 7 and 14. Compared to the PBS-treated animal, Shh-N-treated mice showed higher hair density and longer hair
We found that the hair length of Shh-treated group was significantly longer than that of the control group (Fig. 6b) . The hair-promoting activities of Shh protein may be mediated by the enhanced expression of Gli and Ptc1, which occurs over the course of anagen and hair growth (Paladini et al., 2005) . In addition, the activation of Wnt/β-catenin pathway and upregulation of versican genes by Shh treatment may contribute the hair growth in vivo.
In conclusion, exogenous Shh proteins promote hair growth by stimulating both Shh signaling pathway and Wnt/β-catenin pathway. These results also suggest that exogenous Shh is sufficient to initiate the Shh signaling in DP cells, induce the hair-related gene expression ( Figs. 4 and 5) , and therefore result in the promotion of hair growth. Taken together, these results suggest that Shh protein promotes hair growth by inducing Shh signaling genes and might therefore be a potential hairpromoting agent.
Conclusions
Shh proteins were successfully overexpressed in E.coli by making silent mutations in 12 amino acids from Nterminus of Shh. Administration of purified Shh proteins to human DP cells induced hair-related gene expression by stimulating both the Shh signaling pathway and Wnt/ β-catenin pathway in DP cells, suggesting that recombinant Shh proteins can be a potential hair-promoting agent
